A research of the performance of five imidazolium-based ionic liquids (ILs) (the bromides, tetrafluoroborates and hexafluorophosphates of 1-butyl, 1-hexyl and 1-octyl-3-methylimidazolium) as additives in ion exchange chromatographic (IEC) behavior of inorganic anion (NO3 -)
Introduction
Ion exchange chromatography (IEC), established by H· Small in 1975 (1) , has become a popular chromatographic technique for the analysis of organic and inorganic ions in water quality control procedures. Its highly selective separation mostly depends on the mobile phase composition, when the stationary phase was chosen (2) . Therefore, the mobile phase of IEC received much attention.
The common mobile phases in IEC are sodium hydroxide (3) , potassium hydroxide (4) , sodium carbonate (5) and sodium bicarbonate (6) . Carbonate was an attractive mobile phase for IEC mobile phases which was often used because of its good exchange capacity, non-pollution and convenience for separation of the common anions (7) .
However, it also has some shortcomings. Carbonate as IEC mobile phase could separate anions with moderate retention capacity (such as Cl -, NO2 -, Br -, NO3 -) in a short time (8) , but anions with low retention capacity (F -, HCOO -, CH3COO -,
AsO2
-, CN -, S2 -) and anions with high retention capacity (I -, SCN -, S2O3 2-) could not be separated very well. If these anions are to separate successfully, the utmost effort must be made by researchers to modify the mobile phase, such as increasing the concentration of carbonate, or adding additives in it. It has been reported in the paper (9) that high concentration of carbonate can be chosen to exchange highly retained ions in a short time. However, it can also lead to high background conductivity and low resolution of similar components (10) . Accordingly, additives, such as methanol (11) , acetone (12) , acetonitrile (13) , acrylonitrile (14) , zwitterions (15, 16) were frequently added in IEC mobile phase, which can improve the selectivity and sensitivity of highly retained ions.
In general, ILs can be used as salts or solvents because of their many special nature. As solvents, they have a nonmolecular nature with special features: low vapor pressure and high thermal stability, low volatility and flammability (17, 18) . ILs also have been considered as alternative additives commonly used in chromatographic analysis. For example, in gas chromatography (GC), Butyl-3-methylimidazole and 1-butyl-3-methylimidazolium hexafluorophosphate were coated in the surface of GC stationary phase by Armstrong to study the interaction between ILs and sample molecules (19) . In high performance liquid chromatography (HPLC), bromobutyl imidazole was covered in the surface of the HPLC silane stationary phase to detect 28 kinds of aromatic compounds in Sun's laboratory (20) . In reversed-phase liquid chromatography (RPLC), ILs were used as alternative additives (i.e. salts) to enhance the peak performance in the analysis of basic compounds, using conventional stationary phases (21) . In capillary chromatography, ILs have been used as modifiers of quartz capillary surface to analyze drug molecules (22) . In these reported papers (19) (20) (21) (22) , ILs were added in the mobile phase and coated in the surface of the stationary phase to enhance the performance of analytes to improve the selectivity of tested analytes. Rare published papers reported that ionic liquids (ILs) had been added in IEC mobile phase.
In this work, the research were done and increasing concentrations of different kinds of ILs were put in IEC mobile phase to discover the behavior of the tested anions and to find the suitable IL under this system. The interaction mechanism of ILs with stationary phase and analytes was discussed, and the validation parameters of this method were detected too. Finally, actual environment samples were tested successfully.
Experimental

Reagents and apparatus
The mobile phases contained sodium carbonate and sodium bicarbonate (Guanglinqihua, Yangzhou, China) and one of the following ILs: 1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF6), 1-hexyl-3-methylimidazolium hexafluorophosphate (HMIMPF6), 1-octyl-3-methylimidazolium hexafluorophosphate (OMIMPF6), 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4), 1-butyl-3-methylimidazolium bromide (BMIMBr). All ILs were synthesized in the laboratory. 0.05 mol n-methylimidazole and 0.05 mol 1-bromobutane were put into a three-necked flask and refluxed for 4h with stirring at 250 r· min -1 , then washed by toluene three times and dried in the Vacuum drying oven for 6 h in 70 ℃. The other ILs were made by the same methods (23) .
The sample solutions and mobile phases were passed through 0.45 µm membranes or 0.22 µm MCE (SHIMADZU-GL). Ultrapure water (Millipore, German) was used throughout. Standard solutions were prepared (EST Technology co, Shenzhen, China). A mobile phase containing a fixed concentration of sodium carbonate (3.2 mM) and sodium bicarbonate (1.0 mM) was selected as a reference. The ILs BMIMPF6, HMIMPF6, OMIMPF6, BMIMBF4, BMIMBr were then added.
Instrumental
MIC 940 ion chromatography from Metrohm (Shanghai, China) was used throughout. The instrument was equipped with an IEC Cube module, which included an injection valve, a degas cartridge, column heater, guard column (Metrosep A supp 4/5 Guard 4.0), separator column (Metrosep A Supp 5-150/4.0), a suppressor (ACES 300) and a carbonate removal device (CRD 200). A conductivity detector (CD) was used for detection. The samples were injected via an 850 Autosampler (Metrohm, Shanghai, China). The system was controlled by MagIC 3.0 software.
Anion separation was carried out at 25℃. Applying a flow rate of 0.7 µL· min -1 , the separation of anions was achieved in 20 min, injecting 20 µL of sample. MagIC operating conditions used for anion determination, along with chromatographic parameters. In previous studies, the improvement of chromatographic separation of analysis using ILs (19) (20) (21) (22) , but rare conclusions about ILs in IEC mobile phase were made. With adding varied concentrations of five ILs composed of different cations and anions in IEC mobile phase, the retention time and peak height of nitrate can be improved obviously. In order to search the optimum experimental condition, the flow rate of mobile phase and temperature of stationary phase (column) were studied later.
Results and Discussion
Modification of Mobile Phase by ILs
Effect of ILs on the Retention Time of anion
In The reason was that the shorter the carbon chain of ILs cations is, the stronger the hydrophily it has (24) . BMIM + (C4MIM + ) has the shortest carbon chain among them, therefore, it has lowest viscosity (17) , which could not affect the flow rate of mobile phase. However, OMIM + (C8MIM + ) in mobile phase could reduce the flow rate of it, and the retention time of nitrate would not decreased.
With the increasing concentration of ILs anions, the retention time of nitrate would be reduced, and the retention time decreased most in the presence of PF6 -, compared with BF4 -and Br - (Fig. 1a) . This is becuase of the affinity of PF6 -with the stationary phase which made a great effort in increasing flow rate of nitrate in stationary phase. The radius of PF6 -was much bigger than BF4 -, Br -and HCO3 - (Fig. 1a.) , so it could combine with stationary phase firmly, which lead to low retention time of nitrate.
Both anions and cations of ILs have an effect on the reduction of retention time, but the influence of anions was stronger than that of cations. In this work, BMIMPF6 was chosen as the best additive added in IEC mobile phase finally.
Effect of IL on the peak performance of anion
Varied concentrations of BMIMPF6 in IEC mobile phase, as the optimal additive, was responsible for selecting the information of analytical peak height (Fig. 1b.) . With the increase of IL concentration, the peak height of nitrate increased first, and decreased again when the concentration was greater than 0.3 mM.
When the concentration of IL was small (≤ 0.3 mM), IL could improve the exchange rate of nitrate in the system and reduce the peak width of nitrate (17) , thereby the peak height would increase (a). However, when the concentration of IL was too large (≥ 0.3 mM), higher background conductivity and unstable background conductivity would appear (b), which could cause low peak height. As the result, the optimal concentration of BMIMPF6 was 0.3 mM.
Flow rate
As an important part of IEC system, the flow rate of mobile phase was configured as critical mode which would affect the retention time of analytes and change the pressure of stationary phase (column). The retention time of nitrate would be reduced and the pressure of column increased when the flow rate of mobile phase increased from 0.4 mL· min -1 to 0.8 mL· min -1 . If the flow rate was larger than 0.7 mL· min -1 , the pressure would be larger than 2.5 MPa, which would cause damage to the column after using repeatedly. In this work, 0.7 mL· min -1 of flow rate was chosen.
Temperature
In the whole IEC system, the temperature of column played an important role, which could changed the retention time of nitrate. In this work, different temperature and same other conditions (stationary phase, mobile phase and flow rate) were selected. When the temperature of column increased from 20℃ to 40℃, the pressure of the column and the retention time of nitrate were almost unchanged, which indicated that the temperature of column did not influence the behavior of analytes in this method. In convenience, room temperature was chosen.
The influence of additives on the analytical properties
The influence of different mobile phases on the properties of seven anions were shown in Fig. 1 (Fig. 1.c.A) . Since IL was added in IEC mobile phase, the retention time of seven anions was shorten and the peak shape was improved (Fig. 1.c.B) . The selectivity and resolution of analytes were improved as well. For example, there was a significant decrease in retention time of iodide as compared to the other six anions and the separation between iodide and sulfate was better (Fig. 1.c.B) . Therefore, using 0.3 mM BMIMPF6 in IEC mobile phase can greatly improve the behavior of anions.
Method validations
A group of various concentrations standard solutions were tested to detect the precision and linear range of this method under the optimized conditions. The limits of detection (LOD) in this experiment and in other experiments were compared.
Method Precision
Repeatability of the chromatographic system was tested under the chromatographic conditions previously selected by means of 9 replicate injections of a solution with 20 µg· mL -1 nitrate and bromide and finding out the peak height by the proposed method. From these data, %RSD of peak height were calculated (nitrate: 0.10%, bromide: 0.13%).
Analytical performance
The standard solution of varied concentrations was injected three times. Linear equation were obtained based on the results of chromatographic analysis of bromide and nitrate standard solutions. The equations were calculated according to peak height (μS·cm -1 ) and concentrations (µg· mL -1 ) of analytes. LOD were tested by the concentration of nitrate and bromide giving a signal to noise ratio of 3:1 respectively.
Comparison with other methods
For the purpose of ensuring this method application, the comparison of linear range and LOD between this method and others in reported studies (21) (22) (23) (24) (25) were adopted. The results shown in Table 4 indicated that ILs in mobile phases modified the behavior of inorganic anions in stationary phase effectively. Therefore, ILs in mobile phase had better application for analyzing anions compared with others. (Table 4) 3.3 Real sample analysis
Interference experiment
In order to find whether other anions in real samples could affect analysis of nitrate, the effects of common anions on the determination of nitrate were studied. Table 5 . Linear range and related parameters. As can be seen from Table 5 , if the concentration of most common anions in the system was found between 60 to 180 times of nitrate, it could lead to the interference of nitrate analysis. Therefore in the actual water sample, the interference of common anions to the determination of NO3 -was almost nonexistent while this method was applied.
Sample analysis
The developed method was applied to analyze two anions in real water samples. The concentrations of analytes were calculated and the results can be seen in 
Conclusions
In this work, the method was presented to complete the comparison of analytical behavior of anions when different ILs adding in the mobile phase, different flow rate of mobile phase and temperature of column. Among which, the optimal condition was that BMIMPF6 acted as the best additive in IEC mobile phase with 0.7 mL· min -1 at 25℃. The retention time of nitrate and bromide were improved and changed well. In real sample analysis, IEC provided a rapid assay of inorganic ions in water samples successfully.
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